That ankle posture in Carnivora is linked to substrate is well known. Large species from open settings like grasslands are often cursorial with digitigrade stance, whereas smaller species from closed woodlands are often arboreal with plantigrade or semidigitigrade stance. Digitigrade species typically have feet that are proportionally longer than plantigrade species. It is less well known that the proportional length of the foot varies within mammalian species according to substrate, as demonstrated by previous authors. Taken together, these two observations suggest that a simple index of digitigrady calculated either for a single species or an entire fauna across a broad geographic range could reveal variation in palaeocommunity types.
Introduction
How do communities and species respond to environmental change? For the palaeontologist, the answer to this question is key to addressing its converse: How can we measure palaeoenvironmental change from fossil species and assemblages? This paper examines the association between communitylevel carnivoran locomotor morphology and climatic parameters to determine whether the average locomotor habits of carnivoran communities are associated closely enough with vegetation cover, topography, and related climatic factors to be used as in independent estimator of palaeoenvironment.
Community-level morphology has the potential to be a powerful indicator of climate. When a particular morphological feature mediates between an organism and its environment -the structure of the foot in relation to the substrate, for example -the average morphology of that feature can be expected to be follow whatever environmental gradient is most closely associated with its function (Valverde, 1964; Fortelius et al., 2002) . Such a distribution will arise by effects of climate on individual species, either through local adaptation (evolution by natural selection), by geographic range sorting (migration to more palatable regions), by extinction (Hughes, 2000; Lister, 2004; Davis et al., 2005) , or by the interaction of adaptation and range changes (Holt, 2003) . All three kinds of species-level change will affect the community's composition and, therefore, the mean morphology of the community. The cumulative effect of climate on the community's mean morphology is likely to be more predictable than the effect on any one species.
In principle, climate change could be measured from the morphology of individual species as it responds adaptively to changing conditions. In practice, however, the adaptive changes are often so small and so tempered by geographic range shifts and extinction that attempts to detect morphological responses, even to large-scale changes like glacial-interglacial cycles, have been frustratingly ambiguous. For example, the morphology of marmot molars (Marmota, Sciuridae, Rodentia) is significantly associated in the modern world with diet, local vegetation cover, precipitation, temperature, and elevation, presumably as the result of range sorting and local adaptation (Caumul and Polly, 2005 ). Yet, no response in marmot tooth shape to Pleistocene climate cycles has been found in lineages that pass stratigraphically through glacialinterglacial episodes (Polly, 2003; Barnosky et al., 2004) . The association between phenotype and any one climatic parameter is often so weak and the changes so small, even over hundreds of thousands of years, that the morphology of a single species is only a feeble indicator of climatic change.
At the community level, however, adaptive responses in many species combine with environmentally driven changes in community composition to produce what should be a strong indicator of climate and environment (Valverde, 1964; Legendre, 1986; Brown and Nicoletto, 1991; Montuire, 1999; Millien et al., 2006.) . In principle, every species in a community responds to climate change through phenotypic adaptation, migration, or extinction (Thompson, 2005) . The effects of climate change on a phenotypic trait that can be measured in many members of a community are, thus, likely to be amplified by the combined signals from adaptive change in those species and from the gain and loss of community members that do not or cannot adapt to the new climate. In New World forests, for example, leaf margin characteristics, when averaged across species in reasonably diverse floras, are good indicators of mean annual temperature, even though the same metric in individual species and lowdiversity assemblages is not (Wilf, 1997) . Likewise, in mammalian herbivore communities average molar tooth crown height is significantly correlated with mean annual precipitation (Janis and Fortelius, 1988; Damuth and Fortelius, 2001; Damuth et al., 2002; Fortelius et al., 2002.) . Note that a unified adaptive response to climate change is not to be expected when the morphological trait is linked to competitive displacement Simberloff 1996, 2005) .
The study of community-wide patterns in morphological traits in relation to environment will be referred to here as "community" or "faunal" ecomorphology. Faunal ecomorphology is, necessarily, the study of a limited number of species from a larger ecological community: morphological traits are unlikely to be shared by all species (no morphological traits are shared between plants and animals, for example). Faunal ecomorphology is, therefore, the study of traits in a subset of a community, perhaps an ecological guild whose members share a common way of life, perhaps a taxonomic group whose members share a common anatomical plan due to common ancestry, or perhaps those members of a taxonomic group that belong to the same guild. Such a restricted definition of "community" is explicit or implicit in nearly all studies of ecomorphology (e.g., Valverde, 1964; Van Valkenburgh, 1985; Wilf, 1997; Fortelius et al., 2002; Dayan and Simberloff, 2005.) .
This study looks at faunal ecomorphology of the locomotor system of living carnivorans (Carnivora, Mammalia) in the context of modern climate. It explores whether limb mechanics in carnivorans, specifically the "gear ratio" of the calcaneum, is correlated with vegetation cover, elevation, precipitation, temperature, or ecoregion. Foot posture and locomotor efficiency are expected to be associated with the openness of an environment and, therefore, with those climatic factors that affect its openness. A highly digitigrade posture -in which the carpus and tarsus are positioned well above the substrate and the body weight is supported through the ends of the metapodials -is associated in carnivorans with large body size and cursorial habits, features more likely found in species that inhabit prairies, steppes, and deserts. A more plantigrade posture -in which the carpus and tarsus rest directly on the substrate and transmit some portion of the animal's weight -is often associated with arboreal or generalized ambulatory locomotion characteristic of species inhabiting wooded or forested environments. This study assesses three morphological indices to determine their compartive effectiveness for representing locomotor ecomorphology. The favoured index, the calcaneal gear ratio (calcaneum length / sustentacular position), is then measured in all North American species of Carnivora. The geographic distribution of the gear ratio is estimated by breaking the continent into 50 km square points, determining which carnivoran species are found in each point, and calculating the mean for each 50 km fauna. The resulting ecomorphological data is then tested for correlation with climatic factors to determine whether calcaneal ecomorphology can be used as a proxy for aspects of climate that impact terrestrial ecosystems.
In this paper, the terms climate and environment will be used almost interchangeably to refer to the six factors chosen for study: precipitation, ambient temperature, elevation, latitude, vegetation cover, and ecoregion. Where a distinction is made between the two terms, climate refers to the first four factors and environment refers to all six. The restricted usage of these terms is merely for convenience of expression in this paper and is not meant to imply either that climate and environment are identical or that other climatic or environmental factors aren't important, though precipitation and temperature are often viewed as the two most important climatic determinants of terrestrial ecosystems because of their strong effect on the physiognomy of local vegetation cover (Whittaker, 1970; Bailey, 1998) .
Data and Methods

Taxa.
Data were collected from 135 extant species of Carnivora (Appendix I). This sample represents 47% of living carnivoran species (sensu Wilson and Reeder, 2005) . The 415 skeletons measured in this study are housed in the William R. Adams Zooarchaeology Lab (Indiana University, Bloomington, Indiana, USA), the Indiana State Museum (Indianapolis, Indiana, USA), the Field Museum of Natural History (Chicago, Illinois, USA), the American Museum of Natural History (New York, New York, USA), the University of Michigan Museum of Zoology (Ann Arbor, Michigan, USA), and the Naturhistoriska Riksmuseet (Stockholm, Sweden). Where possible, measurements were collected on at least two individuals from each species, male and female, to minimize effects of sexual dimorphism.
The 45 North American species (asterisked taxa in Appendix I) were used investigate geographic patterns of locomotor ecomorphology. This sample represents 94% of the 48 terrestrial carnivoran species living on the continent. The three missing species are confined to Central America: Bassaricyon lasius (Harris's Olingo), Procyon gloveralleni (Barbados raccoon), and Spilogale pygmaea (Pygmy spotted skunk). These missing species less than 1% of the North American 50 km grid points (37 out of 9699 points: B. lasius: 1 point; P. gloveralleni, 1 point; and S. pygmaea, 35 points). See below for explanation of the grid point system.
Osteological measurements.
Six measurements were taken from the hind limb: (1) maximum proximodistal length of the femur, from ball to condyle; (2) maximum proximodistal length of metatarsal III; (3) length of the distal calcaneum, from center of the calcaneoastragalar facet to cuboid facet; (4) length of the proximal part of the calcaneum, from medial tubercle to anteroposterior center of the calcaneoastragalar facet; (5) maximum length of the calcaneum, from medial tubercle to cuboid facet; and (6) position of the sustentacular facet, from medial tubercle to distal margin of the sustentacular process where it intersects the body of the calcaneum (Figure 1) .
Ecomorphological Indices
Three ratios were calculated from the six osteological measurements. The first ratio (R1) is the metatarsal III to femur ratio (measurement 2 / measurement 1), a classic measure of digitigrady (e.g., Gregory, 1912; Garland and Janis, 1992) . The second ratio (R2) is length of the distal to proximal calcaneum (measurement 3 / measurement 4). The third ratio (R3) is the length of the calcaneum to the position of the sustentacular facet (measurement 5 / measurement 6). Ratios R2 and R3 are "gear ratios" (sensu Carrier et al., 1994; Gregersen and Carrier, 2004) related to the lever mechanics of the foot, where the proximal tuber of the calcaneum forms the in-lever for plantarflexion of the foot, the distal part of the calcaneum forms the out-lever along with the metatarsals and phalanges, and the astragalus forms the fulcrum; the two ratios are derived from the two contact points between astragalus and calcaneum at the calcaneoastragalar and sustentacular facets. The last ratio (R3) is derived from a 3D analysis of carnivoran tarsals that found that the position of the sustentacular process is one of the primary components of variance in calcaneum shape and is highly correlated with locomotor stance (Polly, 2008) . All three ratios get larger with increasing "digitigrady".
Fifty km grids.
Sampling points were laid out in a 50 km grid across the whole of North America. A global 50 km grid was first created by laying out points every 0.4491574 degrees latitude along the equator (based on the circumference of the Earth estimated at 40,075.04 km), then moving north and south by the same number of degrees and decreasing the longitudinal spacing proportional to the sin of the latitude. This procedure assumes that the Earth is perfectly spherical, which it is not. Nevertheless spacing between points was close to 50 km, off at most by 2 or 3 km based on spot checks on Ellesmere Island using ArcGIS measuring tools and Clark 1966 , WGS 1984 , and North Pole Azimuthal Equidistant projections. North American points were extracted from the global grid by clipping it with the continental outline supplied in the ESRI 2006 World base map data series. There were 9,699 grid points in North America.
Species ranges.
Geographic ranges of North American carnivorans were taken from the digital species range data set provided by NatureServe (those data were produced by a collaboration between Bruce Patterson, Wes Sechrest, Marcelo Tognelli, Gerardo Ceballos, The Nature Conservancy Migratory Bird Program, Conservation International CABS, World Wildlife Fund US, and Environment Canada WILDSPACE; Patterson et al., 2005) . These data were compiled from published scientific sources, notably including Hall (1981) and Wilson and Ruff (1999) (complete list can be obtained with the data). The geographic ranges in the data set are historical and include areas where species have since been extirpated, though the ranges of some species, such as the wolf, probably were even more extensive in pre-Columbian times. Ranges of species that extend into South America were clipped using the North American continental outline as was done with the grid points. The carnivoran fauna for each North American grid point was tabulated by intersecting it with the species range polygons. Introduced species were excluded. The number of species in each grid point is shown in Figure 2a .
Locomotor categories.
All species were assigned to a locomotor and posture category (Appendix 1). Three posture categories were used: plantigrade (in which the distal heel is in contact with the ground at normal resting stance and during walking locomotion), semidigitigrade (in which the heel may or may not be in contact with the ground during normal walking locomotion), and digitigrade (in which the heel is well above the ground in normal resting stance and does not come into contact with the ground during normal locomotion). These posture types have arbitrary boundaries and are best viewed as a continuum (Carrano, 1997) . In this study, locomotion and posture categories were used for the sole purpose of comparing the effectiveness of continuous osteological indices.
Whenever possible, locomotion and posture categories followed Carrano (1997) and Van Valkenburgh (1985) . Species that were not studied by those authors were categorized using descriptions and photographs from the following sources: Paradiso and Nowak, 1972; Ewer, 1973; Mech, 1974; Clark, 1975; Bekoff, 1977; Chorn and Hoffmann, 1978; Powell, 1981; Roberts and Gittleman, 1984; Berta, 1986; Clark et al., 1987; Goldman, 1987; PoglayenNeuwall and Toweill, 1988; Nellis, 1989; Goldman and Taylor, 1990; Baker, 1992; Cavallini, 1992; Rompaey and Colyn, 1992; Sillero-Zubiri and Gottelli, 1994; Larivière and Walton, 1997; Murray and Gardner, 1997; Storz and Wozencraft, 1999; Larivière, 2001a; Larivière, 2001b; Larivière and Calzada, 2001; Belcher and Lee, 2002; Hwang and Larivière, 2003; Walton and Joly, 2003; Yensen and Tarifa, 2003a; and Yensen and Tarifa, 2003b; Larivière, 2005 .
Elevation.
Elevation was estimated for each 50 km grid point from the TerrainBase data set (Row and Hastings, 1994) . TerrainBase contains elevation and ocean depth data in meters from mean sea level at 5 minute grid resolution. An elevation was assigned to each 50 km grid points from the value of the nearest neighbor point in the TerrainBase data. The resulting elevations are rendered in Figure 2a .
Precipitation and Temperature.
Monthly and annual mean air temperature and precipitation were estimated for each 50 km grid point from Willmott and Legate's (1998) database. Willmott and Legate interpolated their data from weather stations (24,941 for temperature and 26,858 for precipitation) to a 0.5 by 0.5 degree grid using Shepard's distance-weighting method. Data were Figure 2 . Fifty km grid point data. A. Elevation, divided into 10 color categories using Jenk's natural breaks algorithm. Dark green is the lowest elevation (1 to 173 m), white is the highest (2596 to 3660 m). B. Mean annual temperature, divided into 10 color categories using Jenk's natural breaks algorithm. Dark blue is the lowest temperature (-19.9° to -12.5° C) and dark red is the highest (21.4° to 28.6° C). The black line emphasizes the north-south gradient in temperature. C. Mean annual precipitation, divided into 10 color categories using Jenk's natural breaks algorithm. Light yellow is the lowest precipitation (49.1 to 257.4 mm) and dark blue is the highest (2988.8 to 5239 mm). The black line emphasizes the east-west gradient in precipitation. D. Matthews' vegetation cover, with a categorical color scheme that is roughly ordered from densest vegetation in dark green (tropical evergreen forest and subtropical evergreen seasonal broad-leaved forest) to sparsest in bright red (ice). E. Bailey's ecoregion provinces, with an arbitrary coloring scheme. assigned to the 50 km grid poins using the value of the nearest-neighbor point in Willmott and Legate's data. The resulting mean annual temperature and precipitation are rendered in Figures 2b and 2c respectively.
Vegetation.
Local vegetation cover was estimated for each 50 km grid point from Matthews' Global Distribution of Vegetation data set (Matthews, 1983 (Matthews, , 1984 . This vegetation dataset reports dominant vegetation cover at 1° resolution categorized using the UNESCO forest classification system which divides vegetation cover into 31 categories such as tropical evergreen rainforest, cold-deciduous forest with evergreens, xeromorphic shrubland, or desert. The Matthews data set classifies vegetation by what existed prior to human modification to the extent that historical data exist. Data were assigned to the 50 km grid points using the value in the nearest-neighbor point in the vegetation data set. The vegetation data are rendered in Figure 2d .
Ecological regions.
Each 50 km grid point was assigned to one of Bailey's North American ecoregions (1998, 2005) . These ecoregions are macroscale climatic areas defined primarily by seasonal interactions between temperature and precipitation and secondarily by dominant vegetation type. The regions are hierarchically arranged into Domains (4 in North America), Divisions (28 in North America), and Provinces (59 in North America). For example, the eastern Kansas prairies belong to the humid temperate domain, the prairie division, and the forest-steppes and prairies division, whereas the east-central Texas prairies just to the south of the ones in Kansas belong to the humid temperate domain and the prairie division, but to the prairies and savannas province. Bailey's ecoregion system, especially its larger hierarchical categories, is derived from earlier work by Köppen (1931) , Dice (1943), and Trewartha (1968) . Ecoregions were assigned to the 50 km grid points by intersecting them with the ecoregion GIS layer available from the USDA Forest Service. The ecoregion data are rendered in Figure 2e .
Statistical analysis.
The relative effectiveness of the three ecomorphological index ratios was tested using analysis of variance (ANOVA). The mean of each index was calculated for each of the 134 species in the larger data set and the indices were tested for association with locomotion and posture using ANOVA (index as dependent variable, locomotor category as independent variable) and an F-test for significance. The indices were compared using adjusted R 2 , the proportion of ecomorphological variance explained by the locomotor factor. An ANOVA using taxonomic family as the independent categorical variable was also performed to explore the relationship between the indices and phylogeny, though phylogeny was not a primary concern of this paper.
Carnivoran faunal regions were estimated by clustering the 50km grid points based on the species present in each following the method of Heikinheimo et al. (2007) . The fauna of each of grid point was characterized with a vector of 0s and 1s indicating absence or presence of each of the 48 North American species. The points were then clustered based on Euclidean distances using an optimization method that first builds a k set of objects, clustering around them until an optimal arrangement is found. Clustering was done twice, once using a significance test to find the best number of clusters given the data set and a second time forcing there to be an arbitrary number of 10 clusters. The silhouette test statistic, which measures how well an item is assigned to its cluster, was used to find the optimal number of clusters in the first run (Kaufman and Rousseeuw, 1989) . The silhouette method divides the data into k clusters where k is the number that maximizes the silhouette test statistic, which is the average distance from one point to other points in other clusters minus the average distance to points in the same cluster over whichever of the two averages is larger.
Calcaneal gear ratio (calcaneum length / sustentacular position index ratio, R3; the index that performed best in the above tests) was averaged for every fauna at the 50 km grid points. The standard deviation was also calculated as a measure of local faunal diversity in gear ratio (points with only one species present were excluded).
The geographic distribution of mean calcaneal gear ratio (R3) was tested for association with species number, elevation, mean annual temperature, mean annual precipitation, local vegetation cover, and ecoregion province using the product-moment correlation (R) and R 2 for continuous variables and an ANOVA-derived R 2 for categorical variables. Continuous variables were transformed to make their distribution approximately normal as follows: species number was squared, elevation was transformed to its square root, temperature was not transformed, and precipitation was transformed to its natural log.
Randomization and bootstrap were used to calculate significance and confidence intervals for R and R 2 . The calcaneal gear ratio index (R3) was randomized among the 50 km grid points and the two statistics recalculated 1000 times to generate a distribution with no real association. The maximum of this distribution was taken to be the cutoff for significant difference from zero (a more stringent cutoff than taking the 95 th percentile value). Confidence intervals on R and R 2 were determined by bootstrapping. Data were resampled with replacement and the two statistics were recalculated 1000 times. The 50 th and 950 th values of the resulting distribution were taken to be the confidence intervals, giving the 5% and 95% intervals respectively.
Results
Ecomorphological indices.
The three indices had a small and only sometimes significant association with locomotor category (Figure 3a-c, Table 1 ). Locomotor category explained 15% of the variance in the metatarsal-tofemur index (R1) and 0% and 4% in the two calcaneal gear ratios (R2 and R3 respectively). R1 and R3 had statistically significant associations with locomotor category. Note that both the terrestrial and scansorial categories have tremendous variance in all three ratios, which explains the poor association between that ratio and locomotor category. The natatorial category drives the significance of the femur-to-metatarsal ratio.
The association between the ratios and posture was higher, with 25%, 11%, and 35% of the variance explained in R1 through R3 respectively (Figure 3d f, Table 1 ). R1 and R3 were linearly related to the gradation from plantigrade through semidigitigrade to digitigrade, which is a heuristically useful property of these ratios. In contrast, R2 was higher semidigitigrade species than in digitigrade or plantigrades. One of the outliers with a high metatarsal-to-femur ratio (R1) in the plantigrade category is Enhydra lutris, the Sea otter, which has elongated feet specialized for paddling. All three indices were strongly associated with taxonomic group (family membership), especially the metatarsal-to-femur ratio (R1) where family membership explained 73% of its variance ( Figure  3g -i, Table 1 ). A high phylogenetic correlation does not in itself diminish the effectiveness of the indices because locomotion and posture are themselves correlated with phylogeny (e.g., canids as a group are generally more specialized for cursoriality than are procyonids). In this study, it is the taxon-free correlation between mean locomotor ecomorphology and environment that is of interest, regardless of whether faunal sorting is phylogenetically biased because entire clades share certain specializations.
Because the second calcaneal gear ratio (calcaneum length / sustentacular position, R3) had a high correlation with posture and a low correlation with taxonomic group, this ratio was used as the index of ecomorphology for the remaining analyses. Not only is the calcaneal gear ratio a good predictor of posture, but it also can be measured from a single bone, the calcaneum, that is frequently preserved in the fossil record. Even though R1 performed well as an indictor of posture, it is less practical for use in palaeontology because few fossil specimens have an unbroken femur and metatarsal III.
Interestingly, the three ratios are significantly correlated with one another, but only loosely so (Figure 4) . The calcaneal gear ratio (R3) has the strongest correlation with metatarsal-to-femur ratio (R2). The two calcaneum ratios are more poorly correlated with each other than either is to the metatarsal-to-femur ratio.
Species richness and geographic clustering of carnivoran faunas.
Of the 9,699 fifty km grid points in North America, 88 percent have carnivorans. The only places without carnivorans are parts of the northernmost Canadian islands and Greenland. The number of species per point ranged from 1 to 20 with a mean of 11.32 species (Figure 5a ).
The greatest diversity was found in the mountains of Central America, the mountains of the Pacific Northwest, and the mixed coniferous-deciduous forests west of Lake Superior (red and orange). Species richness in these areas is probably enhanced by mixing of species from adjacent ecological domains, between the polar and humid temperate domains and between the dry and humid tropical domains (see Bailey, 1998 and Figure 2e for domain boundaries). The lowest species diversity was found in the high arctic and, secondarily, in the northern Midwest broadleaved forests, the northern high plains, and the desert southwest.
Two carnivoran faunal clusters were identified when the number of clusters was limited by the silhouette test statistic (Figure 5b ). These two regions roughly correspond to the polar domain ecoregion (Bailey, 1998 ) and the rest of North America. The polar cluster had two outlying areas in the Yellowstone region of Wyoming (due to shared species like Lynx canadensis and Martes americana) and in the Mississippi River delta (due to lack of species characteristic of the more southern cluster like
Bassariscus astutus, Lynx rufus, Mephitis mephitis, and Urocyon cinereoargenteus).
When the number of faunal clusters was manually increased to ten, many of their boundaries corresponded with major climatic gradients ( Figure  5c ). The southeastern United States was separated from the more arid western regions (cf, Figure 2c) , the northern part of the continent is divided latitudinally along the mean annual temperature gradient (cf, Figure 2b) . Many of the cluster boundaries were, in fact, similar to the boundaries of ecoregion provinces (cf, Figure 2e) , which are based on the interaction of temperature and precipitation, confirming that carnivore species assemblages are 
Calcaneal Gear Ratio in North American species
Calcaneal gear ratio (calcaneum length / sustentacular position, R3) in the 44 North American species is shown in Figure 6 . With exceptions, this ordering roughly corresponds to digitigrady as observed in living animals: canids and felids cluster towards the high end of the spectrum and ursids and mustelines towards the low end. The species with the lowest gear ratio are two bears and two weasels; the highest values were cats. The mean and standard deviation for North American species were 1.25 and 0.07.
Geographic variation in average calcaneal gear ratio.
The geographic distribution of mean calcalcaneal gear ratio is shown in Figure 7a . The coloring on this map was produced by classifying each point into one of 14 bins using Jenks natural breaks algorithm (Jenks, 1977) . The minimum mean gear ratio for a 50 km fauna was.1.148, the maximum was 1.1.31, and the mean was 1.25. The general pattern is clear: mean calcaneal gear ratio is highest in Mexico and the desert Southwest and lowest in the arctic and boreal regions.
Variation of mean calcaneal gear ratio at each grid point is shown in Figure 7b . This map shows the standard deviation of R3 in each local fauna. Darker colors mean greater variation between species with the highest and lowest index in the fauna, lighter colors mean less variation. Variation in calcaneal gear ratio was highest in the west, which has a heterogeneous environment of mountain forests and desert valleys, in Central America, and the high arctic. Variation was lowest in the broad-leaf forest regions of the midwest and northeastern Atlantic seaboard.
Correlation between calcaneal gear ratio and environmental factors.
Mean calcaneal gear ratio was significantly correlated with all the factors tested ( Table 2 ). The correlation with number of species (Figure 5a) , elevation (Figure 2a) , and mean annual precipitation ( Figure  2c) were all low. None of these factors accounted for more than 10% of the geographic variance in ecomorphology. The two faunal clusters in Figure  5b explain only 31% of the variance in gear ratio, but the ten clusters in Figure 5c explain 62%. Vegetation cover (Figure 2d ) and mean annual temperature (Figure 2b ) are both strongly correlated with calcaneal gear ratio, explaining 49% and 48% of its variance respectively. The strongest correlation was with ecological province (Figure 2e) , which explained 70% of the variance in mean calcaneal gear ratio. 
Discussion
Measuring locomotor ecomorphology. Carrano (1999) argued that categories for locomotor morphology, such as "cursorial" and "arboreal" or "plantigrade" and "digitigrade", are arbitrarily delimited and might better be treated as quantitative continua. Carrano's suggestion is adopted here by using a continuous quantitative ratio to measure of locomotor ecomorphology that is related to but not identical with these standard categories. The results of this study seem to vindicate a continuous approach because all three index ratios are significantly associated with the categorical posture variables, as expected on biomechanical grounds, and the ordering of species by these ratios broadly conforms to the way they would be ordered by a qualitative assessment of their digitigrady. Carrano (1997) argued that single osteological measurements are unlikely to adequately characterize the full complexity of locomotor habit and foot posture and that multivariate data from several parts of the skeleton are more reliable. While Carrano is certainly correct that multivariate data will capture more of the subtle differentiation in locomotor habit, bivariate ratios were adopted here for practical reasons. Simple data can be collected quickly, which is an advantage for a study on continental scale. Within-species geographic variation was not measured in this study, but it should be and when it is the number of specimens for which data will need to be collected will increase drastically. More importantly simple data can be collected from a larger number of specimens. Fossils especially are often fragmentary, meaning that only a limited number of measurements can be taken from any one individual. Limiting measurements to a single bivariate ratio helps maximize the sample that can be studied. Calcaneal gear ratio (R3) is based on two measurements from the calcaneum happened to be the best predictor of posture category, but the choice of it over the more traditional metatarsal-to-femur ratio is strategic in that the calcaneum is a single bone that is more likely to be preserved intact in the fossil record than are the femur or metatarsals, thus further maximizing the applicability to the fossil record.
Within-species variation in locomotor ecomorphology.
Natural with-species variation in locomotor morphology. Locomotor habit and posture are usually studied as properties of species rather than individuals. Nevertheless, some data exist about geographic differentiation in functionally relevant limb features exist. Klein et al. (1987) found that hind foot length in the Reindeer, Rangifer tarandus, had a latitudinal cline associated with temperature, snowfall and available forage. They found that leg length was correlated with migration distances and snowfall. Selectively, leg length was a trade-off: speed, efficiency, and ability to cope with deep snow all are likely to selectively favor longer legs, whereas growth costs, thermoregulation, and efficiency of foraging groundcover plants are likely to favor shorter legs.
A similar study was carried out by Murray and Larivière (2002) on variation in canid foot size in relation to environment. These authors investigated the area of the foot to establish whether it was proportionally greater in areas with deeper, softer snow, which might be expected because of selection for a lower footload. They found that foot area was associated with latitude in coyotes, Canis latrans and red foxes, Vulpes vulpes. They also found that foot area was correlated with snowfall in red foxes and arctic foxes, Alopex lagopus, but not in coyotes. These authors concluded that environmental conditions have had a selective within-species effect on canid feet, but that the effects have been weak, as one might expect given the short time for in situ selection of local populations since the last deglaciation, and that selection on feet was not consistent in its effects among the species they investigated. Importantly for this study, canid feet are known to have some geographical variation in foot morphology that is at least weakly associated with aspects of climate.
How much within-species variation is there in calcaneal gear ratio (R3)? Most of the species samples in this study were two small to address the question, but six samples had enough individuals to provide some indication (Table 3) . Mosts species had a gear ratio range around 0.3, a substantial range given that the range among species is about 0.45. If this within-species variation is itself sorted geographically, it may also be correlated with environmental variation, which is likely strengthen the association between mean calcaneal gear ratio and climate that was found here when species were treated as geographically homogeneous. These issues deserve to be explored further in future studies.
Faunal ecomorphology in North American carnivorans.
The similarity between the geographic distributions of mean calcaneal gear ratio (Figure 7a ) and vegetation cover (Figure 3d ) is striking. The boreal forest region, the maritime northwest, the Great Basin interior, the deciduous and coniferous forest regions of the southeastern US, the highlands of Mexico are all nearly as well delimited in the gear ratio map as in the vegetation map. The similarity between mean gear ratio and Bailey's ecoregion provinces is even closer. High mean gear ratio in the southwest of the continent is driven primarily by felids, the low digitigrady in the north by mustelids and ursids. Some regions seem like unusual outliers. Newfoundland, for example, has a much higher mean digitigrady than adjacent areas of mainland Canada, but this is an island artifact due to the smaller bodied mustelids not being present in Newfoundland, thus raising the mean gear ratio.
The high variation in gear ratio within faunas in the arctic regions is due to the rather dimorphic faunas there, which are composed of extremely plantigrade mustelids and ursids along with extremely digitigrade canids and felids. The high variation in Central America is similarly due to the rather plantigrade procyonids and mustelids and the digitigrade felids with only a small number of mid-digitigrade species. The comparatively low variation in the mid-continent is due to a high proportion of mid-digitigrade species.
It is instructive to look at the details of the distribution of calcaneal gear ratio in representative areas (Figure 8) . Point A in the Northwest Territories of Canada, part of Bailey's Subarctic Division where the mean annual temperature is cold and seasonal and precipitation is constantly low, an open tundra and woodland environment. The carnivoran fauna is relatively diverse with 14 species from four families. This fauna has a comparatively low mean gear ratio, primarily driven by a large number of very plantigrade species, notably bears and mustelids. Point B in Kentucky is part of Bailey's Hot Continental Division which has a warmer but still seasonal temperature, but much more precipitation spread evenly through the year, a closed deciduous environment. The carnivoran fauna is less diverse, with only nine species three families. Mean gear ratio is middle of the range, with most species near the faunal mean. Point C is in Sonora, Mexico, part of the Tropical-Subtripical Desert Division.
Temperature is very warm with some seasonality and precipitation is low and seasonal. This fauna, like Point A, has 14 species belonging to four families. Mean gear ratio is high, partly due to the large number of felids and canids, but also due to the absence of ursids and many plantigrade mustelids. Point D in Oaxaca, Mexico is part of the Savanna Mountains Division The temperature is warm without seasons, but the precipitation is extraordinarily seasonal, with heavy rains in the summer months and nearly none in the winter. The carnivoran fauna has 16 species belonging to five families. Three of the species do not have data, but the variance of the others is high, ranging from very digitigrade cats to very plantigrade arboreal procyonids.
The environmental significance of mean gear ratio.
The geographic distribution of mean calcaneal gear ratio (R3) has a clear, strong correlation with the distribution of established ecological regions. Bailey's (1998) ecological provinces, which are themselves derived from older ecoregion classifications, were able to explain 70% of the variance in mean gear ratio. These provinces are defined on the monthly interaction of temperature and precipitation throughout the year, and the interaction is clearly important for the distribution of mean gear ratio because mean annual temperature by itself only explained 48% of the variance in mean gear ratio and mean annual precipitation only 1%. (note that these percentages were not derived from multiple or partial regression, which would take into account interactions among the climatic factors, meaning that the sum total of variance explained by all the factors is greater than 100%).
Most likely the distribution of mean calcaneal gear ratio is not directly influenced by temperature and precipitation. Rather, these factors probably exert an influence indirectly though a combination of local topographic relief, substrate, and openness of vegetation cover. Vegetation cover by itself is capable of explaining 49% of the variance in gear ratio, though elevation on a large scale only explained about 7%.
It is easy to worry that the geographic distribution of calcaneal gear ratio has nothing to do with whether certain locomotor styles are, on average, suited for particular environments locomotion, but that it is the chance product a geographic distribution of species that is dicated by the environmental consequeces on some other phenotypic system, such as features related to diet or body size. While it is true that the distribution of mean gear ratio is a direct product of the geographic distribution of the species, it is not the case that it will have the same geographic distribution as other morphological features that interact with the environment. For example, bears and weasels together contribute to low mean calcaneal gear ratio in the arctic (Figure 8a ) but together would have quite a different effect on mean body mass because in the arctic because they represent both largest and smallest carnivorans on the continent -their net effect on mean digitigrady is to lower it, but their effect on mean body mass would be to keep it close to the continental mean.
The only other faunal ecomorphological systems that have been studied in mammals are body mass and cheek tooth hypsodonty. The association of body mass with temperature is well known, codified as Bergmann's Rule that, on average, body mass will be greater at higher latitudes with colder temperatures (critically reviewed by Millien et al., 2006) . While this pattern does not hold for lizards and snakes, whose body mass is higher in hotter climates (Makarieva et al., 2005) , it holds for more than 70% of the mammal, bird and salamander species that have been studied (Millien et al., 2006) . The distribution of body mass within mammalian communities is also known to vary with biome type (Valverde, 1964; Legendre, 1985; Croft, 2001) , even though the geographic distribution of the average body mass of communities has not been studied in the same way as calcaneal morphology is studied here.
More directly comparable to this study is the finding that average hypsodonty in mammalian herbivore guilds is correlated with mean annual precipitation (Damuth and Fortelius, 2001; Damuth et al., 2002) . Fortelius et al. (2002) used this association as a basis for interpreting faunal averages in hypsodonty as a proxy for climate change (specifically for changes in aridity during the late Neogene). Interestingly, this correlation between tooth crown height and precipitation demonstrates the different kinds of faunal ecomorphology may be correlated with different environmental factors. Calcaneal gear ratio had a poor correlation with precipitation and so captures a different aspect of climate than does hypsodonty. Whether average dental adaptation in carnivores has an association with environment and whether it is the same as the association between calcaneal gear ratio and environment is an open question. Most likely diet is partitioned differently in a community than is relation to substrate, the latter being potentially common to all members whereas the former is likely partitioned among members.
Conclusions
Climate, environment, topography and species interact in a geographic mosaic that influences which limits species distributions, results in local morphological adaptation, and determines what species coexist in communities (Thompson, 2005) . Common local environments will tend to homogenize environmentally relevant morphological features in all the species that live together in them, whereas community-level competition for resources will tend to differentiate species into mutually exclusive niches. Some environments are more tolerant of phenotypic diversity in any given ecomorphological trait, other environments are more restrictive.
Carnivoran locomotor ecomorphology is an example of a trait that is, on average across all species, distributed according to local environment. The continent-scale geographic distribution of calcaneal gear ratio is closely tied dominant vegetation, mean annual temperature, and ecological province. Gear ratio is on average higher in the dry open areas of Mexico and the southwestern United States and lower in the extensive broadleaf forests of the Midwest and northeastern Atlantic seaboard and the coniferous tundra taiga of Canada and Alaska, suggesting that openness of environment exerts a loose, broad-scale, taxon-free influence on the distribution of locomotor ecomorphology. But within-community variation among species is highest in heterogenous biomes like the basin and range country of the Great Basin and Mexico and lowest in historically homogeneous biomes like the great broad-leaved deciduous forests, suggesting that some environments permit more among-species differentiation in locomotor ecomorphology than others.
Because of its strong correlation with environment, mean calcaneal gear ratio in carnivorans has potential to be a valuable proxy for environment in the fossil record. In the modern world mean gear ratio is strongly correlated with ecological province, vegetation cover, and temperature. Warmer climes have carnivoran faunas that are more digitigrade, suggesting that calcaneal gear ratio could be used as a coarse palaeothermometer. The translation of mean gear ratio into a proxy for vegetation cover or ecological province is less straightforward since the latter two are categorical variables so that a particular type of cover or a specific province is difficult to predict from a measure of mean gear ratio; the association is so strong, however, that further investigation is merited.
Appendix 1
Species included in this study and their associated data. North American species are indicated by an asterisk (*). Locomotor abbreviations: Arbarboreal; Nata -natatorial; Scan -scansorial; SemFos -semifossorial; Terr -terrestrial. 
